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EVALUATION

This report is a full description of an optimization technique
{rom which spatial filters composed of dielectric layers can be designed.
The purpose of the filter is to allow energy radiated by an antenna
aperture to pass nearly unaffected in the broadside or near broadside
direction while significantly attenuating all other radiation. Because
of these properties, this filter is very useful for possible Jimited scan
applications as grating lobe suppressors. In this application, the
principle benefit to the Air Force would be in allowing the use of larger
elements in the aperture thereby reducing the total number of expensive
control elements. This reduces the overall antenna cost. There are also
applications to smaller antennas such as monopulse trackers.
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1. INTRODUCTION AND SUMMARY

This report summarizes the study of a stratified
dielectric slab spatial filtering technique to provide
element pattern control on large planar arrays. Specific-

ally, the objectives of the study were to:

- Develop a computer optimization technique for synthesis
of stratified dielectric slab spatial filters subject
to realistic constraints.

- Synthesize optimum filter designs subject to required
rejection characteristics and frequency bandwidth

requirements at X-band.

The stratified dielectric slab spatvial filtering
technique was first described by Maillouxi;), wherein
the properties of filtering in the spatial domain were
ouvtiined and the analytical synthesis of filters possessing
Chebyshev characteristics was presented. The present
work extends Mailloux's earlier results by providing a
numerical technique for synthesizing filters with arbitrary
spatial characteristics. As a consequence of the method
developed here, the physical constraints encountered in
practical filter design (e.g., material availability and
layer thickness) may be directly parametrized, thereby
providing a practical filter design as the output of the
synthesis.

The principle point of departure of the analytical
approach to filter synthesis, as typified by Mailloux's
results, and the numerical approach presented here, is
associated with the ultimate design goal. In the




analytic approach, the degree of specification is limited,
essentially, by the algebraic complexity of the constituant
equations, with the result that the design goal must
necessarily have limited scope with respect to the overall
degree of freedom associated with the physical structure.
For example, in the analytical procedure given by Mailloux,
this effective restriction results in the specification

of the filter only in terms of the desired electrical
performance. To be sure, this may lead to practical
spatial filter designs. However, the procedure results

in a specification of dielectric materials which may, or
may not, be obtainable in practice. In effect, no material
selection control is provided by the analytical synthesis
procedure and the practicality of the synthesized filter
depends strongly on the availability orf the materials

so determined.

Using the numerical optimization technique, the
overall design goals may be factored into the procedure.
With respect to the selection of dielectric material,
this procedure is also deterministic. However, as a
particular goal, we may ask the optimizer to select one
or all of the materials from a predetermined list. By
judiciously constructing this list, such that only avail-
able materials are represented, the optimizer will always
synthesize a design which is readily fabricated. By
interference, such a design would be low cost due to the
specific selection of "off the shelf" materials.

In principle, the advantage of the numerical opti-
mization techniquz is that the available solution set is
not artificially constrained to a limited space, spanned
only by those physical parameters which are ammenable to
direct inclusion in an analytical expression. It is
clear, however, that in practice, not all physical (elec-
trical and mechanical) properties of the structure can




be modeled to provide a reasonable optimization parameter.
In particular, during the course of this study, the
design parameters material density, tensile strength,
sheer strength, dielectric strength, and machinability
were found to be of second order importance for typical
applications. For low loss microwave materials in the
range l<er<25, these properties either varied little, or
were not determineble from available data. Consequently,
the scope of the synthesis procedure has been limited to
the consideration of material selection, layer thickness,
and frequency bandwidth.

The synthesis procedure developed in this study
proceds from a wave transmission analysis of scattering
of incident plane waves by infinite plane stratified
dielectric slabs. An equivalent circuit representation
of the layered media is constructed, and from the scatter-
ing matrix description of the constituent networks rep-
resenting junction discontinuities and length of trans-
mission line, a wave transmission formalism is obtained.
A single wave transmission matrix A, relating the incident
and reflected traveling wave voltagés at the filter input
to those at the output, is constructed. Since the power
transmitted with respect to cne volt at the input is
simply (l/All)Z, we operate directly on this quantity,
and optimize the filter response with respect to the
desired rejection characteristics over the frequency
bandwidth. The optimization algorithm used is a modifica-
tion of the RAZOR search technique due to Bandler and
MacDonald.(z) The synthesis procedure is given in

Section 2.




In section 3, an eleven layer stratified dielectric
slab spatial filter design is presented. The design goal
was to achieve less than .1 db insertion loss in the spatial
pass band, and greater than 10 db rejection in the spatial
stop band over a 4% frequency band. Since the permittivity
of most microwave materials is constant from S band through
X band, the layer thicknesses are given normalized to center
frequency wavelength. In addition, the designs synthesized
are such that the spatial extent of spurious passbands
produced for TM incidence by the Brewster angle phenomenon
is minimized.

Three appendices are included. Appendix A summarizes
the modified RAZOR algorithm and associated computer
programs. In Appendix B, a table of available low loss
microwave dielectrics is presented. This table gives
a summary of microwave materials currently available and
their properties (where known). Appendix C is a compilation
of computer programs developed during the study.




2. ANALYSIS AND SYNTHESIS OF PLANE STRATIFIED
DIELECTRIC SLAB SPATIAL FILTERS

The plane stratified dielectric slab spatial filter
shown in Figure 1 1is configured in such a manner as to
provide a multiplicative element pattern modification
of the type shown in Figure 2 for a large planar phased
array antenna. The filter is assumed flush with the array
face. Both relative permittivity and thickness of the
slabs are arbitrary, and assumed uniform. All media are
assumed to have permeability uo(=4ﬂx10_7 henries/m) .

Basic to the problem of synthesis of stratified
dielectric slab spatial filters is the analysis of
arbitrary transversely infinite layered dielectric sheets
subject to plane wave incidence with TE and TM polariza-
tions. This analysis and the fundamental limitations of
the dielectric slab spatial filter are presented in Section
2.1l. The synthesis technique is presented in Section 2.2.
jut

A time dependence e is assumed throughout.

2.1 Analysis of Plane Wave Scattering by Plane Stratified

Dielectric Sheets

It is well known that the electromagnetic fields
4in the vicinity of a large planar array of radiating
apertures may be decomposed into linearly polarized plane
wave constituents. Oonsequently, for spatial filter
analysis and synthesis, the array may be removed, and the
properties of the filter may be examined with respect to
monochromatic plane wave incidence on a transversely
infinite structure. Since arbitrary linearly polarized
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Figure 2 - Multiplicative Element Pattern Modifier for
Spatial Filtering

waves in the vicinity of a dielectric interface may be
decomposed into TE and TM components with respect to the
surface normal which remain decoupled upon scattering,

the analysis may be further simplified by independently
determining the transmission and reflection character-

istics of the device for the individual components. The
complete solution is then obtained by applying super-
position to reconstitute the fields in all regions.
Consider then the plane stratified dielectric
sheet shown in cross-section in Figure 3. For conven-
ience and without loss of generality plane waves are
considered incident only from Z>0O at an angle 6 with
respect to the surface outward normal. We wisih to deter-
mine the magnitude and phase of the reflected fields
at Z=0+, and the magnitude of the transmitted field at
z=-D  for both incident polarizations as a function of
incidence angle 6; layer permittivity,erl; and layer

thickness, ti'
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Figure 3 - Stratified Dielectric Slab Cross-Section

Having specialized to the scattering of plane
waves which remain decoupled at the dielectric inter-
faces, the field problem may now be reduced to an equiv-
alent transmission line problem in a standard manner.
The equivalent circuit representation is shown in Figure
4. The ith dielectric layer of the physical structure,
with relative permittivity €, and thickness ti, is
represented by the ith transmission line segment of length
ti. The characteristic admittance of the ith line is the
wave admittance associated with the dielectric properties
of the corresponding layer for the particular'incidence

angle 6, and is given as




1) Ki/

¥.=
1

wuo for TE incidence
’

we .e /k., for TM incidence
ri o i

In equation (1), w is the angular frequency, and Kiv the

longitudinal wave number in the ith medium, is given as
o

w 2
2) St =—J St
i C Yeri sinb

since the filter is assumed embedded in vacuum.c is the
speed of light in vacuum.

It is a simple matter to construct the voltage
scattering matrix representation of the circuit in
Figure 4. Given any lossless, reciprocal two port net-
work, as shown in Figure 5, the voltage scattering matrix
is defined by

3) v =svY

- -+ y :
where V and V' are the vector representation of scattered
and incident traveling wave voltages, respectively. By

definition, then, the elements of S are

4a,b,c,d) S11 = Vl/Vlivz.0
= v 7utl
o VZ/VZ‘VIEO
- + -
“3 * VZ/Vllv;:O
+

S21 < Vl/V2|vI:o
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Each transmission line segment, and each junction may be
represented by its two port scattering parameters. By
appropriate manipulation of port voltages, a single
scattering matrix may be obtained for the network equiv-
alent of the circuit in Figure 4.

A more convenient representation of the circuit is
in terms of its traveling wave transmission characteris-
tics. The traveling wave voltages at the ports of a two
port network are related by

) G rie

where C, and C, are the vector representations of the
incident and scattered traveling wave voltages at ports 1
and 2, respectively, as defined in Figure 5. By properly
associating the elements of C; and C, with the elements
of V" and V', the elements of the wave transmission
matrix, A, are obtained in terms of the elements of the

voltage scattering matrix S, and are given as

6) All = l/s21
7 Ajy = =S,5/8y
8) B, =

21 = 511/89

9) Ajy = (57151278715,5)/89

11




Representing each line segment and junction by its
two port wave transmission parameters, ég and gi, respec-
tively, the cascade connection of networks in Figure 4

results in

10) go & é gfs
where :
PR -
11) B A
i=1

is the complete wave transmission representation for the
network, and gfs is the traveling wave voltage vector
at 2 = -D . In particular, for no excitation from 2Z<-D

1 Ces
2) gfs = g
0

and the transmission coefficient of the equivalent net-
work is obtained from equation (10) as

Cfs
13) P e & = 1/

C

A
& 11

The reflection coefficient at Z=0+ is then

12




14) i

]
>
L

21

Formally, equations (13) and (14) completely specify
the scattering properties of the equivalent circuit in
Figure 4 for monochromatic TE or TM incidence, and it
remains only to determine the parameters of the various
junction and line length transmission matrices. These
are obtained from elementary transmission line theory
and are given as

J o i) L
15) Aill Ai22 (Yi +Yi+l)/2Yi
16) AJi = Ai = N A P
12 21
for the ith junction, and
=g,
17} Ag = e -
11
18) A‘f = 1/A‘ii
22 11
19) Al =af =0
12 21

for the ith Jine segment. Examination of equation (16)

shows that for

13




20) Y =Y

the off-diagonal matrix elements are 0. Consequently,
at any spatial angle for which equation (20) is satis-
fied, the junction is transparent, and Ail. = 1. From
equations (1) and (2), this equality can o&cur only for

T incidence, provided € # €i41"

Equations (1), (2), and (20) may be manipulated to
result in an expression for the incidence angle, 9, at
which a junction is transparent to TM incidence. This
angle is given as

& .
CRELTIER. i
al e Tl l‘éiET7ET_1

3k 1+

where € # €i41 For either si=l, or €; .4

=1, equation (21)
is the familbiar Brewster angle formula, and gives the
smallest angle, GT = 98, for which the junction is trans-
parent. For both € # 1 and €41 #1, GT is also a
spatial angle at which total transmission is obtained

at the junction, provided.

22) Cpay <& AT

For the layered dielectric sheet embedded in free space,

QT is bounded by

14




23) s:‘.n"‘#C <9T<90°
g +1

where ¢' is the smaller relative permittivity of the
first and last dielectric laYers.

As a consequence of equation (20), the layered
dielectric sheet will have regions of high transmission
to TM incidence at angles 6>45°. From equation (23),
this region of high transmission may be reduced by
selecting the dielectric constants of the outer layers to
be moderately large. A plot of the left hand side of
equation (23) is shown in Figure 6. For ' = 3, the
lower bound in equation (23) is 60°, and for ¢' = 5,
the lower bound is 65.9°. For ¢'>5, the slope of the
curve 1is very slow, and little advantage is gained from
the larger values.

Figure 6 - Brewster's Angle versus Relative Permittivity,

&S

€




The principle task in stratified dielectric slab
spatial filter synthesis is to reduce the spatial extent
of the Brewster angle related passbands while maximizing
transmission in the desired spatial passband near broad-
side, as shown in Figure 2.

At any junction, i, of the equivalent circuit, the
reflection coefficient is given as

J 3 J
25) - A /A
i 1,071

I

1418

(g ~Tiag)/ (%5 530

and the magnitude, for small incidence angles 9, is large

for permittivity ratios p =ei/£i+ >>0 6 p<<i. To

achieve spatial filtering it is tierefore, desireable

to select geometries which give permittivity ratios in
these ranges. This is particularly important in the case
of T™M incidence for whicb }ng is a monotonically de-
creasing function of incidence angle out to eT. Since
the range of available microwave dielectric materials
lies 1in the approximate limits, 1<e<25, structures
providing the spatial filtering characteristics shown in
Figure 2 must be formed by alternating layers of high

(ei >3) and low (e;2 1) permittivity.

16




2.2 Synthesis of Plane Stratified Dielectric Slab
Spatial Filters

The principle objective of this study is to develop
a technique for the synthesis of practical plane strati-
fied dielectric slab spatial filters for use with large
planar arrays. The particular technique developed is one
of numerical optimization wherein it is possible to
synthesize filters which are optimized with respect to
electrical performance in both the spatial and frequency
domains while constraining the solution space such that
only practical filter configurations result.

The spatial filter matrix characterization given
in equation (1l1) of the preceding section is constructed
such that all electrical and physical parameters effect-

ing filter performance are modeled. These parameters are

- Plane wave polarization, i.e., TE or TM with
respect to the filter normal

- Plane wave 1incidence angle, 6

- Slab relative permittivity, €y T=l, s v vy N

- Slab thickness, ti' Il N

- Number of slabs, N

- Frequency, £

The objective of the synthesis procedure is to
determine the set of permittivities, {ei}, and slab
thicknesses, {ti}, which best match the filter perform-
ance to the desired performance in both spatial and

frequency domains.

L7




The desired spatial filter performance may be
specified by the spatial variation of the power trans-
mission coefficient as shown in Figure 7. In the figure,
the desired performance is given in terms of forbidden
regions since, in the spatial domain, specific functional
variation control of the measure 1is limited by physical
realizability, as was shown in Section 2.1. In the region
0<s}n 8<sin 61, the filter is to be maximally transmissive,
within Pldb of perfect transmission. In the region
sin62<sin6<1, the transmission coefficient is to be less
than P,db. And in the intervening region, sin®,<sinb<sing
the transmission is to be monotonically decreasing. The

forbidden region diagram may be fixed or varying in

frequency.

TRANSMISSION COEFICIENT (dB)

i
b
e

|

l

|

MONOTONIC

Sir\(}u E L i
| 2 10

sin ¢

Figure 7 - Forbidden Region Diagram of Desifed Spatial
Filter Performance
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For incident waves which are TE with respect to the
surface normal, the transmission characteristics of the
dielectric interfaces are monotonically decreasing
functions of incidence angle. Hence, for applications
in which only H-plane element pattern or grating lobe
control is required, spatial filters are readily
synthesized according to the prescription in Figure 7,
provided the slab thicknesses are not so large as to
introduce spurious far out passband as described by
Mailloux(l). However, for the case of E-plane control,
or,the more general case of providing control 1a two
dimensions, the filter performance is fundamentally
limited by the Brewster angle associated phenomena as
discussed in Section 2.1. Consequently, the synthesis
procedure developed here has been specifically designed
to limit the spatial extent of the far out passband which
occurs for T™ incidence while simultaneously maximizing
transmission in the passband around normal incidence.

From the above considerations, the formal state-
ment of the synthesis goal is to minimize the function
U over a properly defined multidimensional feasible

region in {ni} and (ti}. The function U is defined as

-Uop;
25) U=Max{ Min (|T(6,f)]|-10
0<0<8,
<E<E
n

), 0}

£
1
-05p,
+Max{Max (|.T(6,£)|-10 ),0}
02<9<b
fl<f"fh

1)




where

; b, for b>a
Max{a,b}= a, for a>b
Min (x(8,f))= minimum value of x(8,f)
0<e<el in the two dimensional

£ Sfcp space, bounded as indicated
1 h
Max (x(8,f))= maximum value of x(8,f)
92<e<es in the two dimensional

space

£ . <F<F

1 h

fl and fh are the lower and upper frequency bounds,

respectively; 6_ is the angle, 6. > 62 at which the

slope of |T(6,f?| with respect tz 8 changes from negative
to positive; and T(8,f) is the voltage tgansmission
coefficient given by equation (13) for T incidence.
For the special case wherein only TE polarization is of
interest, 9, = 90° and T(8,f) is taken as the TE trans-
mission coefficient.

The effect of the first term in equation (25)
is to force the transmission loss in the spatial passband
to be less than Pl db over the frequency band. The
effect of the second term is to simultaneously maximize
the filter rejection over the spatial region 62<6<9s
and drive 8g toward 90°.

To ensure that the ultimate filter design represents
an optimum, yet practical, configuration, the feasible
region in {ei} and {ti} is bounded and discontinuous.

The allowed values of slab relative permittivity are
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taken from a table of available, low loss microwave

materials, and are bounded by Ey = 1 (vacuum) and a
moderately large value available in practice (L!:25
is a practical upper bound at X band). The allowed

values of slab thickness are continuous 1n a range guaranteeing a
design which may be fabricated using current manufacturing
techniques for large surfaces. A lower bound of .020"

inches 1s representative, and an upper bound of 1.0"

is a reasonable engineering limit for x band designs.

In principle, the filter synthesis may proceed
from this point without further restrictions on the solu-
tion space. However, as was discussed in Section 2.1,
the desired filtering characteristics are best achieved
for permittivity ratios p>>1, or p<<l, at the dielectric
interfaces. Such ratios are obtained by constructilng
the filter with alternating layers of high (Ll~3) and
low (fizl) permittivities. Consequently, the synthesis

procedure is designed to consider only filters of the
type shown in Figure 8, which consist of N dielectric
layers with permittivities {ei}, i=1...,N, and thick-
nesses {tiF,i =1,...,N separated by N-1 layers of air
or low permittivity (e #1) dielectric.

In the figure, t%e high permittivity layers are
shown to have arbitrary € It was found during the
course of this study that the synthesis procedure typically
resulted in a disposition of permittivities which 1is
nearly symmetric about the geometric center of the filter.
Since this is not at all unreasonable in light of the

(1)

results obtained by Mailloux y Aand sance 1t is
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Figure 8 - Generic Configurations for Stratfied Dielectric
Spatial Filters

desirable to limit the number of different materials
in the filter, the last restriction imposed on the
solution space disposes the permittivities symmetrically.
In broad outline, the numerical synthesis procedure
is based on the RAZOR search optimization described by
Bandler and MacDonald(z). For a given incident polarization,
(typically T™M for most applications), frequency and band-
width, desired spatial performance criterion (e.g. Figure
7), and number, N, of high permittivity dielectric layers,
a modified pattern search is conducted to locate local
and/or global minima of the function U (equation (25))
within the bounded feasible region of {ej}, {ti}, where
the Ej are symmetrically disposed with j = 1,...,N/2;
and the t; are the thickness parameters of each filter
layer with i=1,...,2N~-1 (thicknesses of both high and

&2




low permittivity layers are considered). An estimate
{sg}, {tg} i5 used to initiate the search. If the
pattern search does not locate a minimum of U which

satisfies a predetermined measure of success, £ that is

€ ’

26) U >

a new pattern search is initiated by randomly perturbing
the estimate {e?}, {C?} with large steps along the
multidimensionai coordinate axes. After a set number
of evaluations of U, or after a set number of failures,
as defined by equation (26), the procedure concludes,
identifies the cause of termination, and provides the
best estimate {ej}, {t;} as defined by the minimum value
of U—fa' If a success is recorded, i.e., U<f , the
procedure terminates and provides the solutioh set iijk,
5=1,...,N/2, and {ti}, i=l,...,2N-1. :

A detailed account of the procedure is given in

Appendix A.
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3. NUMERICAL RESULTS

In this section, numerical results are presented.
In the first part, results are given which illustrate
the manner in which the synthesis technique approaches
the optimum solution. In the second part, a spatial
filter design is given which provides far out sidelobe
and quantization lobe control for a large mechanically

scanned planar array.

3.1 Synthesis of Seven Layer Filters

Figures 9 through 16 show typical results obtained
for seven layer filter at various stages of the synthesis
procedure developed in this study. The synthesis is
carried out only for T™ polarization since, as demonstrated
above, filtering of incident TE waves does not present
a significant design problem. In obtaining these results,
slab relative permittivities were allowed to take on
any value in the range l<g;<25, and thus the configurations
are not practical in the sense defined previously. The
synthesized designs are given only to illustrate the
result of repeated application of the procedure to obtain
the desired filtering characteristic. The performance
goal 1s indicated on each figure. In the spatial range,
0'6<10°, the transmission loss is less than 1ldb. 1In
the range, 25°<@, the desired rejection is 10 db or

greater. The frequency band is 4% about 11.8 GHz.

The initial estimates 1Lj},j=l,2, and {ti}o,
i=l,...,7 were taken from the filter design given by
Maxlloux(l). The outer high permittivity slabs have
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el=3.08, and the inner high permittivity slabs have
€2=15.l4. The layer thicknesses are .25//Ll inches in
the high permittivity slabs, and 1.0" in the intervening
regions which are assumed to be free space. The per-
formance of this filter for TM and TE incident polariza-
tions 1is shown in Figures 9 and 10, respectively. For
T™ and TE incidence, the filter provides the required
low transmission loss in the spatial passband and over
the entire frequency band. However, the spatial stop-
band is very narrow for ™ 1incidence and a spurious
farout passband appears for both polarizations near 60°
incidence angle. The goal of the numerical optimization
technique 1s to eliminate the spurious passbands for both
polarizations and extend the spatial stopband for TM
incidence.

Figures 11 and 12 show the filter response after
200 evaluations of the function U. It is evident
tnat the synthesis procedure 1s obtainlng greater stop-
band extent at the expense of transmission loss in the
passband. For both polarizations, the spurious passband
has been significantly reduced. The thickness distribution
and relative permittivity have been sign. _icantly altered.

After 400 evaluations of the function U, the
synthesized filter response 1is as shown in Figures 13
and 14. Little change has occurred with respect to the
previous result, and it is clear that a continued search
in the 1mmediate vicinity will not obtain the desired
result. Using the current best estimate, as the starting
point, a large step size is introduced for the pattern
search to drive the result away from the local minimum.
And, after an additional 200 function evaluations, the

per formance shown in Figures 15 and 16 1is obtained,
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which satisfies the design goals. 1In particular, the
extent of the stopband has been increased from the original
160, beginning at e=32°, to 31° beginning at 8=26°.
Although significant transmission loss has been intro-
duced in the passband, 1t may be removed by further
optimization in the vicinity of the current best esti-
mate. It is particularly interesting to note that the
farout T™ 1ncidence passband peak has beern moved well
outside the first layer Brewster angle and the width
at the 5 db points has been reduced from 30o for the
original design to 15°.

3.2 An Eleven Layer Spatial Filter for Use with a Large

Mechanically Scanned Planar Array

In this section a practical filter design for use
with a large planar non-scanning array 1s presented.
Since the permittivity of most microwave materials is
constant from S band to X band, the thickness parameters
determined by the synthesis procedure are given normalized
to the free space wavelength at the center frequency of
the operating band, and the design may be considered
universal for this frequency range.

The design goal is to provide a minimum farout
(9>250) sidelobe and quantization lope reduction of 10
db for a large, mechanically scanred, two-dimensional
planar array of vertically polarized rectangular apertures
over a 4% frequency band. The array possesses full
search track capability and requires a 10% spatial
passband with maximum transmission loss of .ldb. The
required coverage sector is 360° azimuthally, and -5°
to 50° vertically. An SOJ threat is postulated to be
uniformly distributed in azimuth within 20° of the

horizon.
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To provide the required rejection over the full
coverage sector, the filter design must limit the Brewster
angle associated passband to angles greater than 55°
Practical filters providing a 30° E-plane stopband may
be synthesized using eleven or more lavers.

Figure 17 shows an illustration of an eleven
layer filter wiiich satisfies the design goals. The
filter is constructed using four well known dielectric
materials: stycast Hi-K (el=ell=5), an kmerson
Cumming loaded cross-linked polystrene; Trans-Tech DA-9
Alumina (a}=bq=9.5); stycast Hi-K 500F loaded thermoset
A 6=Lq=rlo=1.02). The lavyer
thicknesses are given normalized to free space wavelength

hydrocarkon; and (e,=¢,=¢
“ =¥

at center frequency.
The filter performance is shown in Figures 18 and
19 for E and H plane incidence, respectively. In the

\\'\\“\\\ ;o.éi
o I 0.022

< \\\V’ﬁ\\\\ o
o2
L Lin 3 > N
/\/\ o ‘, > T “6_'{03 3

Figure 17 - Cross Section of Filter Synthesized by
Numerical Optimization
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spatial passband, the transmission loss is less than .15
db over the 4% frequency band. The E-plane spatial stop-
band extends from apﬁroximately 18° to 61° at low freqg-
uency and from 26° to 62° at the high frequency and
rejection is typically 14 db or greater from 30° to

55°. Excellent stopband rejection is obtained in the
H-plane.

Figure 20 shows a center frequency contour plot in
sine space of filter transmission in db for plane waves
incident at angle 6,0 with respect to the coordinate
system of Figure 2-1. The plane wave generator is
assumed to be an X-directed magnetic current on the
array. In the passband, transmission is seen to be
roughly independent of 6 and #, and consequently the
filter will not distort the main beam. In the stopband,

sin B 5in @

sin B

sina  sinflcos

Figure 20 - Transmission of Fields Generated by X-Directed

Magnetic Currents on the Array
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the rejection is greater than 10 db except in the vicinity of
the near in stopband edge for ¢=9OQ. Over most of the step-
band, the rejection considerably exceeds 14 db. The
Brewster angle associated passband does not extend to
angles, @, below 330, thereby reducing the SOJ threat/
The isolation between nominal (or transmitted)
field polarization, and the cross polarization generated
by the filter is shown in Figure 21. As expected, the
peak cross polarized signal 1s generated in the vicinity

of ﬂ=45°, 6=20°, and in the farout passband region.
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Figure 21 - Isolation of Cross Polarized Signal Generated by the

Layered Medium
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4, CONCLUSIONS

The stratified dielectric slab spatial filter syn-
thesis technique given here results in practical filter
designs which provide considerable element pattern control
for large mechanically scanning and limited scanning
arrays. For a hypothetical mechanically scanned two
dimensional antenna, a filter design hes been presented
which reduces farout sidelobes and quantization lobes

by more than 10 db in a region extending from 26° off

the antenna normal to 610.
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APPENDIX A

A MODIFIED RAZOR OPTIMIZATION PROCEDURE
: FOR SPATIAL FILTER SYNTHESIS
\
i
A.l1 Program Abstract

The optimization program is a federation of three
modules named FILTER, RXS, and RZS which will be described
as functional entities. FILTER is the main program
segment containing in acddition, a subroutine named U
which computes the objective function to be optimized,
and DISPLA, a utility subroutine which surpresses the
automatic carriage return and line feed after printing
a prompting message.

The main program permits the user to input all
pertinent parameters such as: the number of slabs of
the spatial filter, the initial dielectric constants
and thicknesses, tolerance ranges over which the opti-
mization is to seek its improved values, the frequency
ranges over which the filter is to operate, the sine
theta and transmission coefficient values which character-
ize the pass/stop bands and the performance in db, as
well as the parameters ALPHA, LIMIT, EPSMIN, RHO, ETA,
KAPPA, DELTA, FEPS which govern the conduct of the opti-
mization process itself.

Sufficient flexibility has been incorporated into
the main program to allow the user to select a TRACE
option which permits witnessing the deliberations of the
optimization by a printout of all perturbated components
and their effect on the objective function. 1In addition,
the program has been structured so that only a minor
alteration by the user, if he so desires, will enable
him to treat special filter configurations like symmetric

filters, quarter wave length layer filters and so on.




The second module RXS consists of a single sub-
routine RXTX which returns the complex-valued transmission
coefficient RT used only by the function U. RT results
from the matrix multiplication of junction and line length
wave transmission matrices, and as this coefficient 1s
computed many times by the function U (even for a single
perturbation), great care has been exercised 1in the
construction of the algorithm for the total wave trans-
mission matrix computation.

The last module RZS consists of six subroutines
named RAZOR, FINISH, PATSER, BOUND, EXPLR, PATMV, with
FINISH and BOUND serving in ancillary capacities of
determining whether the perturbations have produced a
minimization of the objective function and secondly
ensuring that no perturbation is allowed to exceed 1ts
prescribed range. RAZOR is the subroutine which 1n con-
junction with PATSER, PATMV, EXPLR executes the optimiza-
tion technigue described by of Bandler and Macdonald(zz
In its broad outline the technique is to conduct a pattern
search (PATSER) around a base point by perturbing in turn
each of the components of the base pointf If the search
exposes a new point for which the objective function has
been minimized to within a tolerance specified by FEPS,
RAZOR returns this new point to the main program and ‘
terminates 1ts activities. Otherwise, a point in the

vicinity 1is randomly selected as a provisional base

point around which explorations are undertaken as before.
If there is no improvement, the process 1is repeated for
as many times as specified by KAPPA with a closer
randomly selected provisional base point.




A.2 Program Description

The main program TEST 1 calls for user input cf
NS, the number of non-air dielectrics, the associated
dielectric constants, slab thicknesses, and the high and
low constraints on the perturbation vector PHO. In
addition, the frequency range over which the filter 1is
to perform is input as are the sine theta and transmission
coefficient values characterizing the pass/stop bands and
performance in db.

Thus, for a spatial filter with six non-air
dielectrics configured symmetrically, 6 would be entered
for NS in response to the prompt NR SLABS=?. Also
3 values (IP=(NS+1l)/2) of non-air dielectric constants
and 11 values (NSLAB1=2*NS-1) of air and non-air thicknesses

*would be input. The dimensionality of the perturbation
vector PHO would then be 14 (K=IP+NSLABl), and whose
initial contents would be the 3 dielectric constants and
11 thickmnesses. The next two input parameters would be
two sets;of K (here, 14) values for low and high pertur-
bation constraints to be placed on the permissible ranges
of the PHO vectors components. Typically, a low of 1
and a high of 25 have been placed on the PHO components
associated with dielctric constants, a low of .02 and
high of 1.0 for those components associated with non-air
dielectric thicknesses, and a low of .1 and a high of 2.0
for air thicknesses.. In response to the prompt for freg-
uency range, the user enters 3 values for low frequency,

high frequency, frequency increment normalized to center

frequency; for example .98, 1.02, .02 would cover three
frequencies. The next six values to be entered are
concerned with the filter's performance. The value

specified for DBl determines the low cutoff figure for




transmission coefficient in the passband and the values
entered for SN1 and SNINCl 1in response to the prompt

STH1 and I'ICR=? define the spatial limit of the passband
and the sequence of points within the passband which are
to be evaluated. Similar remarks apply to DB2, SN2,

SNINC2 whicn specify the stopband. Values of DBl=-.1,
SN1=.175, SNINCl=.0175, DB2=-10.0, SN2=.42, SNINC2=.02

are typical. The program next inputs ALPHA, LIMIT, EPSMIN,
RHO, ETA, DAPPA, DELTA, and FEPS. FEPS is the tolerance
within which our objective function is to be minimized

and 1s typically selected as .0l1l. RAZOR conducts a pattern
search (PATSER) around the initial base point by perturb-
ing 1n turn each of the components of the base point. The
actual absolute step sizes used in PATSER are SDEL=DELTA*
R(I)*S(I)/100 where R(I) = 100* (HIGH(I)-LOW(I)) 1is the
parameter range of permissible values 1in the Ith component,
and S(I) has values +1 or -1 to establish directionality
of the perturbation.

Since dielectric constants are considered in the
range 1+25 and thicknesses .02+1 for non-air dielectrics
and .1~+2 for air dielectrics, we observe that selecting
an initial DELTA=.1 yields step sizes of 2.4 for dielectric
constants with .008 for non-air thicknesses and .19 for
alr thicknesses.

EPSLON and DELTA are used as relative measures of
step size reductions, with DELTA<EPSLON signifying
that a pattern search, PATSER, would be useless at this
point. Initially EPSLON=EPSMIN* (ETA**KAPPA)

where EPSMNMIN = .001 (a starting value)
ETA = 2 (a halving factor)
KAPPA = 3 (max of 3 random moves) .




EPSMIN = .00l was selected so that EPSLON = .001 *2° = ,008

thereby rendering the initial DELTA = .1 larger than EPSLON
and thus guaranteeing a PATSER the first time through.

ALPHA 1s a parameter within PATSER which reduces
the size of DELTA in the event initial explorations give
no improvement in reducing the value of the objective
function. A vaiue of .25 gives significant reduction of
DELTA, but does not reduce too rapidly to obtain a
solution.

When all explorations about the base point have
been unsuccessful, RAZOR perturbs each component of the
base point by RHO*RANDOM*EPSLON/100 in order to obtain

a new provisional base point about which the process

can be repeated. RANDOM provides random values between
-1 and +1 with RHO selected as 400. EPSLON is then halved
by ETA and new explorations are begun.

Since an enormous number of functional evaluations
must be performed not only in exploratory moves but in
evaluatory criteria, LIMIT (the maximum number of function-
al values to be computed in the entire optimization
program) has been set to a large value, typically on
the order of 1000. The objective function U is
summarized in Figure 7 and in equation 25. Its
actual implementation is performed in two steps. For
each fixed sine theta (sine theta = 0 through SNl in
steps of SNINC1l) cycle through the range of frequencies
FLO through FHI in steps of FINCR constantly determining
UMN=CABS (RT) - OFFSET where OFFSET = 10.0 4 (.05*DB1)
and RT is the complex valued transmission coefficient
returned from a call to subroutine RXTX. The negative
of the minimum value of these UMN values is kept as the

first part of the objective function.
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The second part is determined in the following manner.

Beginning with a fixed sine theta value of SN2, cycle

through the range ot irequencles FLO through L o steps
of FFINCR constantly detormining UMX-CABS(RT) - OFiesSET whetr e
OFFSET = 10.0 * (.05*DB2). Continue this process with

the next fixed sine theta value incremented by SNINC2
over its previous value only for as long as the center

frequencies CABS(RT) values are declining.

A.3 Program Flow of Principle Programs and Subroutines

To give a more complete description of the optimiza-
tion procedure, the following paragraphs simultaneously
outline program flow and comment on the implementation of

the principle programs and subroutines. RAZOR(ﬂo, €min’P
n.kappa) is the principal procedure in the optimization

process. ﬂo, ,0,n, kappa are FORMAL parameters

e
through which tﬁéninitial values are acquired from the
calling program. Within the algorithm g, U@ are local
variables, k is the dimensionality of the @ vector, and

§ is common (i.e. global) to RAZOR and has been initialized
by the main program to a value 6>amin*nkappa to ensure
bypassing the IF &8<e¢ criterion in PATSER whica RAZOR 1nvokes

at the outset of its deliberations.

Comment: initialize the local quantity U@® to reflect
the starting value. Set up the initial direc-
tions for the explorations. Initialize the
starting ¢ and then invoke a pattern search.

If a point is uncovered with a functional
value within the FEPS tolerance specified,

then terminate the procedure otherwise renew
the search (kappa number of times if necessary)
with an arbitrary point randomly selected in

the vicinity of ﬂo and with a reduced et value;



ug®: = u(g®); for i:=1 step 1 until « DO §;:=1;

kappa o o
e=c * - .
€=, . *N ; PATSER (@, Ugd ) ;

If finish (Uﬂo) then go to FIN;
for j:=1 step 1 until kappa DO

Begin comment initialize a local variable Uﬁo to the best
functional value and a local vector @ to
contain the coOrdinates of a randomly
selected point in the vicinity of ﬂo. Another
local variable U# is initialized to contain
the functional value at the random point.
¢ and § are reduced and a pattern search

is initiated;

ug®:=u (8°);
for i:=1 step 1 until k DO ﬂi:=¢? +p *RANDOM*¢ ;

ei=e/n;  8:=|g-2°1/k;

Ug:=U(Q); PATSER (@,Uf#);

1f ug<ug®
Then Ll: begin comment set Uﬁo to the returned improved
value Ug. Establish 8 as the
direction of improvement and g°
to the returned improved location
0.
up°:=ug; 6:=g-8°; p
End

O

:=p




——

Else
Begin Comment reset U@ to the starting functional value
Uﬂo over which there was no 1mprovement

and set 8 in the opposite random direction;
ug:=uf®; 6:=¢°-g
End;

Comment set local @ as the new extrapolated point from
g° in the 6 direction and § equal to the square

of the magnitude of 6. Invoke a pattern move;
p:=g°+8; s:=|e|%; pAaTMV (Ug,p,28°);

Comment if the returned functional value is an improve-
ment then return to L1 for further refinement
until none better is found. Then check if the
returned refinement is within the FEPS tolerance
which causes a termination of the RAZOR optimiza-
tion. Failing this, the next randohlm point is
selected even closer to ﬂo;

If Uﬂ<Uﬂo then go to L1;
If finish (UB°) then go to fin

End;
Write ("no convergence");
Fin: End

PATSER (g°,Up°) is the chief searching procedure. g°
and Uﬂo are formal parameters and @ ,UF are local variables

in the following algorithm. )




Li: . IP O6<e then go teo fin;
Comment 1nitialize the local variables #,Uf to the
corresponding values transferred through
FORMAL parameters ﬂo, Uﬂo. Then 1invoke
EXPLR to perform initial explorations.
#,Uf will be changed hopefully to an

improved point and its functional value;
ug:=ug®; @:=g°; EXPLR (U#,#);
1f ug-ug®

Then begin comment there is no improvement in any
of the explorations. Reduce

size of § and try again;
d:=a*d; go to Ll
End;

Comment an improvement was detected. Change the
formal parameters ﬁo,Ugo to reflect the
improved location and its functional
value. Establish into 6 the general
direction of improvement. Set the local
gquantity @ to contain the new extrapolated
value and § to contain the square of the
magnitude of 6. 1Invoke a pattern move
(PATMV) and return to L2 if there is an
improvement, otherwise begin anew Dby

returning to L1;



L2: up®:=ug; 6:=p-g°; #°:=p; @:=2°t6;
6:=|6§2;
PATMV (UZ,8,8°);
LE Uﬂ'UﬂO then go Lo L2 else go to L1;

Fin: End

PATMV (Uﬂo,ﬂ,ﬂo) where Go is the vector describing the
best location so far and P 1s the extrapolated location
around which explorations are to be performed within
PATMV, is best described graphically in terms of a two
dimensional #. If the explorations depicted below un-
cover a better point than @, then that poilnt 1s returned
in place of @ and the functional value at the uncovered
point is returned to Uf#. Within the algorithm K is the
dimensionality of the § vector, while 6 and the vector
8 are common (i.e. global) to PATMV. The functional
value of the original extrapolated point @ is computed
immediately upon entry into PATMV and 1is retained in a
local variable named UPHI. It is against this local
quantity that functional values of exploratory test
points (about f#) returned by EXPLR are compared to
determine 1f improvement has occurred.

PATMV first performs explorations (using EXPLR)
with a new 5=/8/« and returns into @ any of the possible
locations indicated and into U@ the corresponding
functional value. Note that 6 1is the direction estab-
lished earlier in the process and reflects the general
direction of improvement from some former ﬂo location
to the present ﬂo location specified upon entry into
PATMV .
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THE CIRCLES O

(? 9 ? DEPICT THE
POSSIBLE
, | | EXPLORATORY
- PROBES FOR
¢_______ A N _¢ IMPROVED ¢
I I 5/K
EXTRAPOLATED
(5 VECTOR Q= f+¢°
SUPPLIED TO #° LOCATION AT
PATMV AT PATMV ENTRY
ENTRY

SOME FORMER ¢°

Figure A-1 - Initial Exploration in Subprogram PATMV

If the exploratory moves about @ fail to uncover a better
point or in the case there is an improvement but there
s no significant change in each component ﬂi tees for

3 - ol ST
b lgi ﬁ?}<10 Igil, then the step size is halved

to 1/2/5/K and explorations are conducted about a new
extrapolated location half as far away from g° in the

8 direction as shown.

LY 12V ek
é

¢° LOCATION AT
PATMV ENTRY

NEW ExT‘PgAPo TED VECTOR—"
®= + ©°
S
ESTABLISHED N
FORMERLY A

e SOME FORMER ¢°

Figure A-2 - Explorations About New Extrapolated Vector
e ¥ 2+®

a=11




‘ Finally, if there is still no improvement or in the case
there 1s an improvement but there is no significant

change in every component ﬂi in the aforementioned sense,
then the halved step size 1/2/37? is used again but
explorations are conducted about a new extrapolated

location half as far away from ﬂo in the negative 6 direction
as shown.

NEW EXTRAPOLATED ®° LOCATION AT PATMV ENTRY
VECTOR ¢= - § +¢°

——

SOME FORMER¢°

Figure A-3 - Explorations About New Extrapolated Base Point in
-6 Direction

EXPLR (ug°,g)

UEO and g are formal parameters. Within EXPLR U@ is
a local quantity. EXPLR will change ug® and # to an
improved functional value and an improved point, re-

spectively. « is the dimensionality of the @ vector,




=

In graphic terms of a two dimensional @, EXPLR will
return into @ any of the possible positions indicated,

. il . . :
and into U@~ the corresponding functional value.

b--- - 00— =2
| ! I sde
o

Figure A-4 - Two Dimensional Graphic Representation of EXPLR

The center point is the location of @ upon entry into
EXPLR. In the event that EXPLR is unable to find an
improvement 1in ug® at any of the locations sdel away

from the center point, upon exit from EXPLR, the original
functional value UQO and the original @ location remain
unchanged.

FINISH (Uﬂo) is the logical procedure which furnishes a
value of true if the functional value contained in its

formal parameter is within the tolerance FEPS initialized
by the main calling program.




APPENDIX B

MICROWAVE DIELECTRICS FOR APPLICATION IN
STRATIFIED DIELECTRIC SLAB SPATIAL FILTERS

The table given in this appendix summarizes the

availability of low loss microwave dielectrics suitable
for use in stratified dielectric slab spatial filters.
The data presented was obtained over the period of

1 Apr 1976 to 1 Oct 1976, and as
to date compilation of available
information relative to physical

All materials in the table

such represents an up
data. Where possible,
properties 1is included.

have constant or nearly

constant electrical properties from S band to X band.
The loss tangent of all materials is less than .002.
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APPENDIX C
PROGRAM LISTINGS

In this appendix, program listings are given for
all computer programs written in the course of this
study. The listings are self-explanatory. Information
relative to the optimization programs and subprograms
is given in Appendix A.




PROGRAM TEST{(INPUT,TAPE{ +OUTPUY TAPEGBOUTPUT)
CovoceT IS I8 THE VERY FIRST WORKING OPTIMIZATION PROGRAM
Ce-veelY IS USED IN CONJUNCTION WITH RxS ¢ RIS}

COMMON /RZIR/ KeDELTAALPHAZ IMITonNIN2oNSoEPSLON THETA(1IS),

* SCIS) vFEPSoTRACE1LOW(IS)IHIGH(IS) s RANGE(LS)

LOGICAL TRACE,ODD

REAL LOwW

COMMON /ZUFCY/ D(13),FPS(14)Y NSeNS|  ABSeTPsODDeFLOCFHTIWFINCRY

s DBI oSN oSNINC1sDR248N2¢SNINC?2

DIMENSTION MEG(3)eMSG2(2)eM853(2)e PHACIS)DIELECY(S0)

NDATA MSG/IORESSMINIRMO o+ 1OMIETAIKAPPA o THDELTAR /

DATA MSGR/I0HFREQ LOWHI o 6Ky INCRR/

CoeeeeINPUT NSy THE NUMBFR DF NONeAIR DYELECTRICS

CeevesNSLARS I8 TWE TOTAL NUMBER OF AIR X NONwAIR ODIELECTRICS
CenvsalP I8 THE NUMBER OF DIFFERENT NONgAIR DIELECTRICS

CesessX IS THE DIMENSION oF PHD VECTOR o#TOTAL NR OF PERTIRBAY NuEx
{ CALL DISPLA(OHNR 8L ABS=41+2)

READ(1es%) NS

IF(NS .LE, 0) STOP

NSLABS=2%8NS

NSLAR{aNSLABSe|

1PB8(NS+l)/2

KsIPeNSLABY
CoeeeeINPUT DIELCT(Ll) Isy TO IP X INITYALIZE EPS VECTOR

ENCODE(2092894M8G3) IP
289 FORMAT (% EPS(! TO #,12¢%)m%)

“aLL DISPLA(MSGIs2et)

READ(je®%) (DIELCT(TYeIBio]IP)

npnNa, TRUE,

IF(MOD(NSs2) L,EG, 0) ODDe= FaALSRE,

DO 78 I3 1IP

Ixze*]

EPS(IXeli)Ei , 0

FPS(IX)aPIELCT(]

IFCODD LAND, (T1,EGL,IP)) GO TN 78

TX22¥% (TPe])

FPS(Ix=1131,0

IvyaNS/2+1=1

EPS(IXx)aDIELCT(IY)

76 CONTINUE
CoeoooeINPUT D(1) I=1 TO NSLAR{

ENCODE(20¢2904MSG3) NSLARY
290 FORMATY (% D(1 7O ®,12¢%)a®)

CALL DISPLA(MSG3eRe1)

READ(fo%) (D(I)olIsi NSLARY)

Cooeas INPUT COUNSTRAINTS LOWeHIGHIRANGE ON ENTIRE PHO VECTOR
CoeesossINPUT LOWC(CT) Isf TO K

ENCODE (200291 sM8G3) Kk
291 FORMAT(® |_OW(L TO %,72¢%)a%)

CALL DISPLA(MSG3e20e1)

READC1o%) (LOWCI)oeT=lek)

Conees INPUT HIGH(IY Tel To K

FNCODE(20¢2924M8GY) K
292 FORMAT(#HIGH(] TO %,12.%)u%)

CALL DISPLA(MSG3020i)

READ(1o%) (HIGH(T)oy21eK)

DO BU Tzl K
84 RANGE (T)&100,0%(HIGK(I)®LOWCT))

CoosooINITIALIZE PHD VECTOR YO INPUT NYELECTRICS X THICKNESSES

PO 79 TsfsIP

C=2




79 PHOCI)®DTIELCTY(T)
DO 80 T=y,NSLABY
IX3[Pel
80 PHO(IX)=®D(])
CooaeeINPUT FREQLOW/FREQNT+FREGINCR
CALL DISPLA(MSG2920y)
READ(1+%) FLOWFHI9FINCR
c.....INPUT DBl.lO.O...O..I....O...
CALL DISPLA(UHDBI®ef 1)
READ(1e*) DBY
Cooess INPUT SIN(THETAL) X SIN(THEYAL)INCREMENT
CALL DISPLA({OHSTHIXINCRBo, 1)
READC1e*) SN{SNINCY
CooeeeINPUT DBRassnsrenssesesavoess
CALL DISPLA(UMDB2B¢t oY)
READ(]+%) DB2
Cv...IN"UT SIN(THETA2) X SIN(THFTA2)INCREMENT
CALL DISPLA(IOHSTHR2XINCRE91,1)
READ(1e%) SN2¢SNINC?2
Connee INPUT ALPHA X MAX (TMITY OF (j FUNCTYION EVALUATIONS
CALL DISPLA(GHALFA L MTBel 1)
READ(1e%) ALPHAWLIMYT
Coeeeal NPUT EPSMINGRHOGETAIKAPPASDELTA
CALL DISPLA(MSGs301)
READ(1e%) EPSMINIRHOIETAWKAPPAWDELTA
cocouuDEsIRE TRACE OPTION
81 CALL DISPLA(IHTRACE T/Fetot)
READ(1+¢390) TTRACE
390 FORMAT(AY)
T*{ITRACE NE, IHT) GO YO A2
TRACE=,TRUE,
GO TO 83
8¢ IF(ITRACE JNE, {HF) GO TN 8<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>